m UK Patent Application 



(19) 



GB ,„, 2 218 514,„A 

(43) Date of A publication 15.1 1/1989 



(21) Application No 3906374.7 


(51) INT CL 4 


GOlN 21/35 33/497 


(22) Oats of fifing 20.03.1989 




(52) UKCL (Edition J) 


(30) Priority data 


G1B 3BG 



(31) 193027 



(32) 12.05.1988 (33) US 



(71) Applicant 

General Motors Corporation 

(incorporated In the USA - Delaware) 

3044 West Grand Boulevard, Detroit, Michigan 48202, 
United States of America 

(72) inventors 

Peter Shu-TT Lee 
Richard F MajKowskJ 
Dale I Partin 

(74) Agent and/or Address for Service 
A 0 Haines 

Patent Section (F6) Vuaahall Motors Lid, ? O Sox 3, 
Klmpton Road, Luton, Beds. LU2 OSY, 
United Kingdom 



U1S S1032 

(56) Documents cited 
None 

(58) neid of search 

UK CL (Eribon J) G1B BAA 3BG 
INT CL* G01N 



(54) Process evaluation by isotope enrichment 

(57) An evaluation of an engineering cr bioicgicai prccess or system car. ce mace by treating ;ne system with an 
isotopicaily-enriched substance which flows through the sysrem intact or which is changed into another substance 
containing isotope-enrichment, and a gaseous sample thereof is anar/zed at low pressure e.g. by infra-red spectroscopy to 
measure the intensity of a specific absorption line of :he enriched iscrcoic species whereby the concentration of the species 
is calculated. The enrichment of the measured species furnishes information about *ne functioning of the prccess. !n 
bio-medical testing, the tracer isoto pic species used frequently are enriched values of CO, CO., H 2 0 cr NH 3 in the braaih or 
derived from tissues or other specimens. 



O 
CD 

ro 

CO 

on 



BEST AVAILABLE COPY 



22! 8b 1 4 



0.2798 



LU 
< 



o 
> 



I 

o 
o 



-0. 1452 



CARBON MONOXIDE IN 


12 C i6 0 P 


EXHALED HUMAN BREATH 


i 








,3 C 16 0 R (9) 




! 

SAMPLE PRESSURE 26.3 zorr 





2031 .005 



202 i .532 



WAVENUM6ER (cm 1 J 



FIG. 1 



0.00434 



LU 
O 



o 



o 
o 



"1 



-0.00628 



13J6 



CO R (9) 




CARBON MONOXIDE IN 
EXHALED HUMAN BREATH 
EXPANDED SCALE 




2031.005 2031.632 
FIG 2 WAVENUMBER (cm - ' ) 



' S J 



221851 



DISPLAY 



^32 



"SIGNAL 
PROCESSOR 



DETECTOR 



12 


10 


) 


; 


POWER 




DIODE 


SUPPLY 




LASER 



TEMPERATURE 
CONTROLLER 



-14 



28 



16 



l£ -ft - 
ir - 



i 

i 

_ji 

oi 

in 1 
< i 

o, /• 

i 

i 



22 



20 



1 

u- - 



GRATING 
SPECTROMETER 



^ IS 

FIG. 3 




9 2 ! B b 1 4 

ADH/3160 

PROCESS gVALJATION 3? ISOTOPE SNRIC3MENT 
Field of t-'^p invention 

~ Th i S invention relates to a stable isotope 

enrichment method for measuring the effects of a system 
or process on a substance and particularly to such a 
5 method using infra-red spectroscopy for direct 
measurement of species concentration. 
aar^mund of the Invention 

Clinical biomedical testing as well as 
engineering or scientific resting often involves the 
10 evaluation of a process occurring in the human body or 
ocher system. One well-known test requires that z 
substance enriched with a tracer, usually in -r.-i form 
of an isotope, be measured to evaluate the effect of 
the system process on that substance. 

The use of radio-isotopes for such tests is 
well documented and valuable information has beer, 
gathered in this manner. It is also well known chat 
the radio-activity can have undesirable effects on 
human or other subjects exposed to the radiation and 
20 contamination of mechanical systems as well as waste 
disoosal problems make the radio-active tracer 
techniaues undesirable. Another drawback is -hat 
suitable radio-isotopes do not exist for every 
substance needed for testing. 
25 stable isotopes have also been used as 

tracers. The application of such tracers is discussed 
in the pacer, "Stable Isotope Tracer in the Life 
Sciences and Medicine", Matwiyoff et al: Science, 131, 
1125 (Sep. 1973). These stable tracers have the 
30 advantages of safety since exposure to radiation is 

not necessarv. A further advantage is the wide variety 
of isotooic soecies available for use as tracers. The 
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abundant species naturally occurring in any system 
usually have chemically equivalent low abundance or 
rare isotonic species suitable for use in enrichment 
tests Heretofore the practicality of such tests has 
been limited by the lack of a good method of measuring 
the concentration of enriched species. 

Mass spectroscopy is often used for such 
stable isotope measurements, particularly for 
bio-medical applications, as set out in the above 
mentioned Science article. These systems can be mace 
to be verv accurate for ratio measurement bu: tnen ror 
the most oart f they are unable to make direct 
concentration measurements. One of the problems wi , , 
mass spectroscopy is that some substances sue, as 
carbon monoxide (CO) have mass redundancy, i ■ a - 
different isotopes of the same molecule car. nave :,e 
same nominal mass, so that mass separation cannot oe 
used, thereby eliminating some very useful species as 
trace- substances. These mass spectrometers are very 
expensive, highly trained operators are requirec ano 
test results are delayed due to the extensive 
orocessing required- for sam--- prej 

m^c-cr S ne^ w :oscoov measures ratios o: 
isotooe ratio mass spe--^^ 

species of different mass, any interfering species 
having the same nominal mass of the one to be measured 
are often present and must be removed prior to mass 

, onont TVs is not always feasible. The 
ratio measurement. T.n-=> 

isotooe ratio mass spectrometers are not general 
purpose in the sense of being applicable to a wide 
variety of species, father, to afford sufficient 
sensitivity to resolve the species of similar mass, .he 
instrument is dedicated to operation in a rather narrow 



portion of the mass spectrum. As a result, the mass 
spectroscopy technique is useful as a research tool but 
is economically prohibited from becoming a widely 
available clinical instrument to meet the needs of 
the medical profession. 

"Determination of Carbon-13 by Infrared 
Spectrophotometry of Carbon Monoxide", McDowell: 
Analytical Chemistry, 42, 1192 (1970) discloses that 
mass spectrometry might be avoided for- the measurement 
of the 13 CO/ 12 CO ratio in a sample that appears to be 
Dure CO. The relatively broad band of the 
spectrophotometer fails no resolve the individual 
isotopic lines but does accomplish a :rud = measure of 
the ratio. Neither an accurate ratio nor an absolute 
concentration can be determined by this technology. 
Another infra-red measurement has found utility in 
automotive emissions testing, bur isotope • enrichment is 
not used. As described in the caper by J. Kill et al : 
"Time-Resolve'd Measurement of Vehicle Sulfate and 
Methane Emissions with Tunable Diode Lasers", SAE 
800510 (Feb. 1930), a tunable diode laser is used tc 
scan absorption lines of molecules in exhaust gas 
samples without regard to isotopic species. The sample 
is at a pressure too high to allow the resolution of 
fine line structure representing individual isotopic 
Lines so that only a gross measurement is made. 

Infra-red absorption spectroscopy is known to 
be useful for the measurement of naturally occurring 
isotopic species. Sometimes the parameter being 
measured is the isotope spectrum, i.e., the wavelengths 
of the several absorption lines. This is shown by 
Jensen et al: Laser Focus, May 1976, which reveals 
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.hat tunable diode lasers were used to identify the 
spectra of naturally occurring uranium isotopes. The 
measurement of isotope concentrations is not taught, 
in other cases the measurement of the concentration 
of an isotooe is important and measurement accuracy is 
stressed. For example, Labrie et al: Applied Physics, 
24, 381 (1981)/ discloses a radio-carbon dating 
measurement using a tunable diode laser and a 
mul^-oass ootical cell for measuring carbon-14 
concentration, although several hours are required for 
-ach measurement to achieve the accuracy called for oy 
radio-carbon daring. The paper concludes that 
infra-red laser spectroscopy can be used foe the 
measurement of small abundances other stable =-o 
15 radioactive isotopes. while the technique is or 

interest, the long measurement does not me 

needs of clinical testing. "Isotope Analysis oy 
infrared Laser Absorption Spectroscopy" , Lehman, at 
al- Aoolied Physios 13, 153 (1977;, discusses a 
tunable PbS laser to examine isotope-enriched careen 
dioxide to identify the existence of absorption- lines 
for each isotooe and to measure absorption coerrioients 
at different pressures. It is suggested that accurate 
r-sults recuire a split-beam double-pass system. 

The aoolication of infra-red methods to 
isotooe measurements for detecting stable isotopes in 
b io-medical applications is briefly considered in the 

-. ienco ar ^icle bv Matwiyorr et 
above mentioned 197j S-ie..c- at — 

al . m that paper there is no description of a 
30 particular infra-red system. It discusses the 
' technique of ingesting a - 3 C-labeiied substrate, 

breathing into an evacuated bulb, and determining tne 
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excess 13 Z in the breath carbon dioxide by an infra-red 
spectrometer. The difficulties in sample preparation 
are not revealed nor is the accuracy of the method. It 
is well Known that the relatively broad band of any 

5 spectrometer available in that era does not very well 
lend itself to separation of isotopic species. In 
another section the paper states that while infra-red 
methods require simple inexpensive instrumentation, 
they are limited mainly to simple cases and do not 

10 provide information about the location of the isotope 
in the molecule and thus, by implication, are inferi-r 
to nuclear magne-ic resor.ar.c3 ' mm?.) :c masi 
spectrometry methods. 

The most encouraging work lr.cicat ir<g ens 

15 practicality of infra-red' spectroscopy used for stifle 
isotooe measurements in biological or engineering 
systems is that of Lee at ai as described in "Tunacie 
Diode Laser spectroscopy of Stable Isttopic 
Tracers-Detection and Measurement of Relative Abundance 

20 of isotopic Carbon Monoxide", Lee et al: Proceedings 
of the Second I r.ternat ionai Symposium on Synthesis and 
Applications of Isbtopicaily Labeled compounds, pages 
441-445 (1936); "High. Resolution Infrared Diode Laser 
Spectroscopy for Isotope Analysis - Measurement of 

25 isotopic Carbon Monoxide", Lee et ai: Applied Physics 
Letters 48, 619 (Mar. 1986); U.S. Patent 4,684,305; and 
"The clinical Spectrum", Scientific American, Dec, 
1987 . This wor'< is referred to by Partin: Mat. Res. 
Soc. Symp. Proc. Vol. 90, (1987). That work showed 

30 that infra-red spectroscopy using a tunable diode laser 
and a dual path measurement cell in which one path is 
adjustable provides very accurate results and that it 
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is well suited to the measurement of ratios of isotopic 
species used in clinical tests of patients. The system 
is proposed as a simpler, far less expensive instrument 
than the mass spectrometer previously in use that 
could broaden the scope of tracer methodologies. That 
system uses a dual path sample cell in- which one path 
is adjustable in order to gain simultaneous 
measurements of two isotonic species (normally 
comorising an abundant- naturally occurring isotope ana 
a much less abundant isotope which may be enriched) 
and the isotope ratio is measured with great accuracy. 
The present invention is a development cf -ha: vorx. 

summary of the Tnvention 

Ifc is therefore an object of the in7s.it. :- to 
provide a process evaluation methco asi-.g infra-:*-: 
spectroscopy to directly measure concentrations cf 
isotopically-enrichec materials. 

It is another object to provide suet a .nee hoe 
capable of obtaining such measurements without resort 
to isotooe ratio measurement. 

It is a further object to provide such a 
method reauiring simple single path apparatus, 
requiring minimal sample preparation and yielding rapic 
results . 

In general, the invention is carried out by 
the method of evaluating a process in a system 
containing material amenable to isotope enrichment 
comorising the steps of treating the system with a 
substance enriched with a tracer isotope., after sue: 
treatment, preparing a gaseous sample of material 
the system containing a tracer species enriched witn 
the tracer isotope, transmitting monochromatic 
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radiation through the gaseous sample at the frequency 
of an absorption line for the enriched species, and 
detecting the incensity of a spectral line for the 
enriched species in the sample to determine the 

5 concentration or the enrichment value of the tracer 
species in the sample. 
Brief Description of the Drawings 

°~ The above and other advantages of the 

invention will become more apparent from the following 

10 description taken in conjunction with the accompanying 
drawings, wherein like references refer to like parts 

and wherein: 

Figures 1 and 2 are graphs v.th fi fter 2f; -. 
vertical scales of spectral lines of caroon inonc.f.be 
15 human breath illustrating the technology utilitrd in 
the method of the invention, 

Figure' 3 is a schematic diagram of an 
apparatus for carrying out the method of the invention., 
and 

Figure 4 is a graph of line intensities in a 
high resolution spectrum of isotopic species. 
p^criotion of th e Preferred Embodiment 

The method of the invention is described 
chiefly in terms of bio-medical applications, al enough 
25 some industrial process control or engineering testing 
applications will occur to those who become familiar 
with the invention. The success of the applications 
depends on making measurements with sufficient accuracy 
to suit the needs of the application with relatively 
30 inexpensive equipment. It has been demonstrated that a 
single path infra-red spectroscopic instrument with 
sensitive detection can produce signals with excellent 
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sianal-to-noise ratio suitable for analysis of very low 
atopic soecies analysis in human breach. Two 
spectroscopy techniques are presented here for use with 
rhe method of the invention, one technique being 
especially attractive for the accurate detection of low 
isotopic species concentration and the other technique 
being simpler and preferred for larger concentrations. 

One of the techniques employs second harmonic 
detection. It is well known and need not be detailed 
here. Further information is found in the paper of 
Raid at al: "Second-Harmonic Detection with Tunable 
Diode Lasers - Comparison of Experiment and Theory", 
ADOl. ?hys. 325 , 203-210 (1931) which is incorporate 

- , „„„„ ji nl r OC ] and 2. vhicr. c::?: 
herein by reference . ---gu 

only in that Figure 2 has an expanded /ertical sea,*, 
show a second harmonic der.ecr.ion curve represent: Lnc 
the absorotion lines for natural isotopic abuncanue or 
carbon-12 and carbon-13 species of CO. The - ' Z~ 0 ?*a, 
presents a concentration of one to ran parts ?er 
nundred million. The lines were obtained for a sample 
of human breath from an individual with water vapor 
c-oved and no other processing. The sample was neli 
at a pressure of 3200 ?a (24 torr), and was scannec 
through a oath length of 20 metres by radiation from 
a tunable diode laser. The line peak is related to tn.e 
concentration of the measured species by a working 
curve obtained by calibration of the instrument using 
standards of known concentration. This elegant 
procedure is exceptionally good for measurement of 
very low concentrations but a simpler more direct 
technique, described below, is used where larger 
concentrations are to be measured. In each case the 
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measurement of species ratios is not required. Each 
approach uses the same basic spectroscopy instrument. 

Typical apparatus for carrying out the method 
is shown in Figure 3. The apparatus includes a tunable 
5 diode laser 10, a power supply 12 for the laser 10, and 
a temperature controller 14. The laser is conveniently 
of the lead salt type described in the U.S. Patents 
4,350,990 and 4,136,355 to Lo and 4,577,322 and 
4,608,694 to Partin, but may also be of the GalnAsSb 
10 types. Such lasers are tuned by varying the operating 
temperature and are available for operation in the 
wavelength range of 2.5 to 30 micrometres The laser 
can be scanned over a small band, say about 0.5 z :• 1 
cm -1 , at a rate of 500 cycles per second. The iajsr 
can also be tuned to ami- ac a pre--- wavelength 
without scanning action to specifically target an 
absorption peak, for example. Alternatively, scanning 
or ' sweeping action allows the entice absorption curve 
related" to a" single line to be measured in' detail. 3y 
varying the inject ion . cur rent , operating parameter,- of 
the laser system can be adjusted for a variety of 
isotopes and molecules. Any infra-red active molecule 
with a. suitable spectrum can be studied by this system. 
The system therefore would be versatile rather than 
dedicated to a single isotopic species. The isotopic 
spectral lines are well resolved, thus eliminating any 
background interference like that encountered in 
conventional mass spectrometry. 

The GalnAsSb types of lasers mentioned above 
are in a class of shorter wavelength diode lasers 
comoosed of III-V compounds involving some of the 
following elements: Ai , Ga , In, ?, As and Sb, as 
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described by Caneau at al; "cw operation of 
GaWAsSb/AlGaAsSb lasers up to 190 R" , Appi . ?hys. 
Lett. 49, 55 (1986). These lasers may not emit at the 
fundamental vibration-rotation frequencies but are 

5 utilized for combination or overtone bands along with 
the more sensitive detecting schemes for stable isotope 
analysis. These shorter wavelength lasers operate at 
relatively high heat-sink temperatures and with shorter 
wavelength infra-red detectors, thereby, facilitating 

10 the use of inexpensive coolers such as thermo-electric 
coolers, or require no cooling below room temperature. 

Still another laser source is a band-a.I igned 
super-lattice laser which has the potential tt b-ai.-ig 
fabricated for room temperature operation. Such a 

15 laser is described by yuh at al; "Move! infrared 

band-aligned superlattice laser", Appi. ?hys . Let:., 

51, 1404 ( 1987) . 

Laser radiation passes through a chopper .5 
and a lens system 13 to a grating spectrometer 20 which 
20 passes a single optical " mode . The laser is tuned so 

that this mode spans the absorption line of the desired 
isotopic molecule. The radiation then passes through a 
cell 22 containing the sample gas. A detector 23 
senses the radiation which passes the ceil 22 and a 

25 signal processor 30 processes the detector signals and 
provides an output on display 32. In practicing the 
second harmonic detection technique the chopper can be 
omitted and the injection current is varied to modulate 
the radiation. In addition the signal processor is 

30 equipoed to analyze the signal in accordance with 

second harmonic detection. To carry out the method of 
the invention some variations on the basic apparatus 



will occur to the user. For example, the small amount 
of noise present on the baseline of the Figure 2 curve 
is due mainiy to optical noise originating in the 
refractive optics. That noise source can be 

5 eliminated by the substitution of off-axis parabolic 
mirrors for the lenses. Then even smaller 
concentrations of an isotopic species can be measured 
without interference from noise. For single mode 
operation, the grating spectrometer can also be 

10 by-passed. 

3iological or engineering rests., for example, 
often involve the measurement of material whit- pas-e-i 
through a subject or system or -.-aertces t:v<cess 
which may involve a chemital change t: f.e ma-.^isl. 
15 According to the invention., by er.ricninc t.-e aaieri*.: 

with a stable isotope cf a molecular const! ciar.r. of the 
material, the amount of the material which passes to 
another part of the system or undergoes a chemical or 
biological change can be measured ir. terms of tne 
absolute concentration in a sample taker, from the 
system or subject. The measurement is -ade on a single 
absorption line in the spectra of the tracer isotonic 
species. Such a line, is selected from a region free 
from interference from other species and tne sample 
reguires no preparation other than removal of water 
vapor and maintaining a low pressure to eliminate 
pressure broadening of the spectral lines. It is not 
necessary, as in the case of isotope ratio mass 
spectrometry to measure the ratio of the enriched 
substance to another substance. Rather, the 
concentration is measured directly from the radiation 
intensity at the spectral line alone with a measurement 
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of the incident radiation intensity. Possible errors 
in deriving concentration values from radiometric 
techniques are avoided. 

in bio-medical testing, a subject may be 
administered an isotopicaliy-enriched or tracer 
substance and after the substance has undergone a 
physiological process it is deposited in a tissue or 
"it is excreted. Very often such tests involve tracers 
which are converted to. carbon dioxide, carbon monoxide, 
ammonia or water in the breath. Then a" breath sample 
is taken by collecting a sample of breath that is 
exhaled from the subject. The water vapor L 



men 



from the sample (unless the vara:: 



?r itsai: 



removed 

is being tested) and the sampla is introduced -r 2 
samde cell at a low pressure, say, of. U?0 ?.2 
(24~torr). Radiation at the frequency of an absorption 
line of the isotopic tracer species of interest is 
transmitted through the ceil and its intensity, I, is 
measured after passing through the ceil. To determine 
the absolute concentration value a measure of the 
incident radiation intensity, I Q , is needed. That 
value is obtained by evacuating the ceil and measuring 
the intensity of the transmitted radiation at the same 
frequency after passing through the evacuated cell. 
As illustrated in Figure 4, another method of obtaining 
the incident radiation intensity, I Q , is by tuning the 
frequency of the radiation to a value, f Q , just off the 
line, that is, near the absorption line but not subject 
to absorption by that line. The concentration of the 
tracer species is determined from the 3eer-Lambert law: 
I = i e" apl where p is the partial pressure of the 
isotonic molecule (torr), 1 is the path length (cm) 
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and a is the spectral absorption coefficient of the 
isotopic molecule. In the case of breath samples, the 
isotopically-enriched substance is often enriched with 
carbon-13, oxygen-18 or nitrogen-15 and che resultant 
tracer species is usually carbon dioxide, carbon 
monoxide, water or ammonia. Thus two concentration 
measuring techniques are available without reference to 
other isotopic species. Sach has its use depending on 
the physiological function under study- 
As revealed in US patent 4,534,305, some 
studies using CO involve the intake of oxygen-13- 
labelled ozone ( 18 0 3 ) or nitrogen dt oxide (N 13 o,. ard 
determining the tracer deposited i.n f.ssues by 
preparing a gaseous sample containing CO from the 
15 "tissue, and measuring the C 13 0/C i6 0 rat- a.-.d che-. 

determining the. ratio enrichment in the sample. T.-e 
present invention allows the direct measurement cf tne 
C 18 0 concentration wit.nout reference to a C A0 C 
measurement. The gaseous sample is introduced to 
the sample cell at a low pressure. The-, one of tr.e 
concentration-measuring techniques is employed to 
obtain a direct measure of the tracer concentration in 

the sample. 

The well-'<nown glucose tolerance rest is 
usually carried out by caking a series of blood samples 
following ingestion of a quantity of glucose, and then 
analyzing the blood samples to provide results at some 
later time. This invention allows an easier test 
procedure, esoecially from the viewpoint of the 
subject, and furnishes nearly immediate results. The 
glucose administered to the subject is labelled with 
carbon-13. The subject's breath is sampled initially 
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to obtain a reference sample and then sampled 
periodically following the oral administration of the 
'labelled glucose. The labelled glucose is a precursor 
to carbon dioxide in the breath so that the samples are 
measured to determine the carbon-13 isotonic species in 
the breath. Water is removed from each sample, usually 
by freezing or trapping, and the absolute concentration 
of the tagged C0 2 is measured in a few minutes. The 
concentrations of the samples reveal the profile of 
the ohysioloaical processing of the glucose, and this 
is independent of the presence of C0 2 in the breath 
from any other source. The enrichment of each sampie 
is determined by the simple comparison with the 

reference sample. 

It will thus be seen that the method of th-= 
invention makes possible the investigation of a prc:«: 
by the use of stable isotopic tracers through tne 
direct measurement of isotopic species concentrator, 
indecendentiy of other species in the sample. The 
method takes advantage of known apparatus whicn is 
restively inexpensive so that the clinical application 
of the method can be made available throughout tne 
medical community, although industrial applications are 
also oractical. The method requires minima, sample 
proration, especially when a gaseous sample is 
available, and the results can be obtained rapidly. 
In addition, for physiological applications the tests 
in most cases, conducted non-invasively . 
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Claims : 

1. A method of evaluating a process in a 
system containing material amenable to isotope 
enrichment comprising the steps of: treating the 
system with a substance enriched with a tracer isotope; 
after such treatment, preparing a gaseous sample of 
material from the system containing a tracer species 
enriched with the tracer isotope; maintaining the 
gaseous sample at a pressure where a distinction 
between an absorption line of the tracer species and 
the absorption lines of related isotopic species is 
discernible; transmitting monochromatic radiation 
through the gaseous sample at the frequency -•: an 
absorption line for the enriched species; and 
detecting the intensity of a spectral line for the 
enriched species in the sample to determine c.-.e 
enrichment value of the tracer species in the sarr.ole. 

2. A method of evaluating a process In a 
system containing material amenable to isotope 
enrichment according to claim 1, in which the method 
includes the steps of determining an incident radiation 
level by transmitting radiation through tne sample at 

a radiation frequency just off the absorption line and 
detecting the incident intensity, and determining the 
25 enrichment value from the relative detected _ 

intensities. 

3. A method of evaluating a process in a 
system containing material amenable to isotope 
enrichment according to claim 1, in which a reference 
value of intensity is determined by detecting the 
radiation in the absence of an absorbing sample, and 
calculating the' enrichment value from the ratio of 
the detected intensities. 
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4. A method of evaluating a process in a 
system containing material amenable to isotope 
enrichment according to claim 1, in which the 
transmitting step comprises modulating the radiation 
frequency and sweeping the radiation frequency over 
an absorption line of the enriched species, and the 
detecting step comprises harmonic detection of the 
transmitted radiation. 

5. a method of evaluating a process in a 
system containing material amenable to isotope 
enrichment according to claim 1, in which the method 
includes the steps of: prior to the enrichment 
treatment, preparing a reference ga-sec-:s sample rf 
material containing a non-enriched quantity zi y z 

15 tracer species; performing -he transmit- Lng ar.d 

detecting steps to derive a reference spectral 1 >. v.- 
intensity for the tracer species, and determining 
the enrichment value from --he difference between the 
reference spectral line intensity and the enncnec 
SDectral line intensity: 

6. A method of evaluating a process in a 
system containing material amenable to isotope 
enrichment according to claim 1, in which a plurality 
of enriched samples are taken a, different times or 
places and measured for enrichment values to determine 
variations in enrichment quantities. 

7. a method of evaluating a process in a 
system containing material amenable to isotope 
enrichment according to claim 1, in which the method 
is that of evaluating a physiological function m a 
subject by a stable isotope tracer, and comprises 
the steos of: administering to the subject an 
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isotopicaliy-enriched substance which is subjecr to 
the physiological function and which isotope is 
eventually expired in the form of an isotopicaily- 
enriched gaseous species; after such treatment, 

5 collecting a breath sample from the subject; 
maintaining the gaseous sample at a pressure 
sufficiently low as to allow a distinction to be made 
between an absorption line of the enriched species and 
the absorption lines of related isotopic species; 

10 transmitting said monochromatic radiation through the 
breath sample at the frequency of sn absorocio" '.Ins oz 
the enriched species, and decocting ens infc =v *.i 
the related spectral line tzt ;ne i.-.rishe.- scenes *t 
a measure of the concentration oi the -rlc.ncc spe-::*5 

15 in the sample. 

8. a. method of evaluating a process in a 
system containing material Amenable to isotope 
enrichment according to claim 1, in which the method 
is a method of evaluating a physiological function in 

20 a subject by a stable isotope tracer and comprises the 
steps of: administering to the subject an 
isotopicaiiy-enriched substance which is subject to 
the physiological function and which isctope is 
deoosited as an enriched species in a biological 

25 soecimen; after such treatment, preparing from the 

specimen a gaseous sample containing a specie enriched 
with the isotope tracer; maintaining the gaseous sample 
at a pressure sufficiently low to allow said 
distinction to be made between an absorption line of 

30 the enriched specie and the absorption lines of 
related isotopic species; transmitting said 
monochromatic radiation through the sample at the 
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10 



fteauency of an absorption line of the enriched 
species; and detecting the intensity of the relate 

spectral line. 

9. A method of evaluating a process in 

a system containing material amenable to isotope 
enrichment according to claim 3, in which the stable 
isotope tracer is carbon-13 and the enriched species m 
the gaseous sample is carbon dioxide enriched wi-n 
carbon-13 . 

10. a method of evaluating a process in a 
system containing material amenable to isotope 
enrichment according to claim 3, in which the stac- 
isotooe tracer is a low abundance isotope or caroo-. .. 
oxygen and the enriched species - the gas = :u-3 sa-nr,-.* 

15 is carbon monoxide. 

11. a method of evaluac L.-.g a proc&rs ir. = 
system containing material amenaole to isotope 
enrichment according to claia 3, in which the scao-e 
isotooe tracer is oxygen-13 and the enriched .oecies 
in the gaseous sample is water vapor enrichec witn 
oxygen-IB . 

12. A method of evaluating a process in = 
system containing material amenable to isotope 
enrichment according to claim 3, in which the sraoie 
isotooe tracer is nitrogen-15 and the enriched soecies 
in the gaseous sample is ammonia enriched witn 

nitrogen-15. 

13. A method of evaluating a process m a 

system containing material amenable to isotope 
enrichment according to claim 1, in which the method 
is a method of evaluating a physiological process in a 
subject by infra-red spectroscopic analysis or an 
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30 
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15 



-nriched soecies, and comprises the seeps or: 
"rearing a substance enriched with a tracer isotope 
which is a orecursor of an enriched isotonic species to 
be measured, preparing a first gaseous sample from a 
subject; transmitting infra-red radiation through the 
gaseous sample, at the frequency of an absorption line 
of the isotonic species to be measured; detecting the 
intensity of * the resultant spectral line to measure the 
concentration of the isotopic species in the sample; 
treating the subject with the isotope-enriched 
substance and then preparing a second gaseous sample 
from the subject; repeating the transmitting ana 
detectinc steos for the second sample; and comcar ,ng 
the measured concentrations of said isotope Ln sav: 
fir«t and second gaseous samples., to tneceoy 
the effect of the physiological proems on :ne enf.o-e-. 



substance . 
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